INTRODUCTION
Water supplies with nitrate-nitrogen (NO 3 2 -N) concentrations greater than 10 mg/L may be hazardous to infants due to methemoglobinemia, or blue baby syndrome (Brady & Weil 2004) , thus the ground and surface water quality standard for NO 3 2 -N is set at 10 mg/L (US EPA 2002) . While high NO 3 2 -N concentrations in drinking water are a public health risk, another environmental concern is groundwater transport of ammonium-nitrogen (NH 4 þ -N) and NO 3 2 to surface waters. Massive fish kills in coastal North Carolina waters in the 1990's were attributed to high nutrient concentrations and eutrophic conditions (Whitall et al. 2003) . Potential nitrogen loadings to ground and surface waters from septic systems were not addressed in mitigation strategies to improve water quality even though almost 60% of coastal North Carolina residences use septic systems (OSWWS) and domestic wastewater is known to contain high (30 þ mg/L) concentrations of nitrogen (US EPA 2002; NC National Estuarine Research Reserve 2003) . Both NH 4 þ and NO 3 2 are plant available forms of nitrogen and can cause eutrophication in surface waters, as experienced in coastal North Carolina (Whitall et al. 2003) . Ammonium-N and NO 3 2 -N also have been shown to account for the vast majority (75 -97%) of nitrogen in septic tank effluent (Buetow 2002; Cardona 2006 ) and groundwater beneath the OSWWS (Robertson et al. 1991; Buetow 2002; Reay 2004) . Estuarine concentrations of available nitrogen including NH 4 þ -N and NO 3 2 -N that are 1 mg/L or even less, can cause eutrophic conditions (Osmond et al. 2003) as seen in coastal waters of North Carolina. Therefore, the dissolved inorganic nitrogen (DIN) species NO 3 2 -N and NH 4 þ -N were monitored in groundwater adjacent doi: 10.2166/wst.2010.417 to OSWWS during the study period (January 2007 -March 2008 .
Nitrogen concentrations exceeding the US EPA (2002) standard for NO 3 2 -N (10 mg/L) in groundwater beneath and/or adjacent to OSWWS have been reported for sandy soils in the coastal plain of North Carolina by Buetow (2002) , a coastal barrier bar in Point Pelee, Ontario
Canada (Ptacek 1998) , and in the coastal plain of Virginia (Reay 2004 
METHODS

Soil characterization and groundwater monitoring
Sixteen residential OSWWS in coastal North Carolina ( Figure 1 ) were instrumented with monitoring piezometers.
The OSWWS components including the tank and drainfield trenches were located using a tile-drain probe rod and the system permit information. The dates of system installations were also recorded from the permits. Piezometers were installed between drainfield trenches and typically within 5 m of the septic tank ( Figure 2 ). At least two piezometers per residence or lot were installed. A total of 63 monitoring piezometers were installed at the 16 sites.
The piezometers adjacent to the OSWWS were installed such that there were relatively shallow and deep piezometers, each with 75 cm screen intervals ( Figure 3 ). Piezometers were nested to allow for observation of possible stratification of the wastewater plume in groundwater.
Piezometers were constructed of 10 cm diameter PVC and installed using hand augers. Sand was poured between the outside of the well and the borehole until the entire screen length was filled. A bentonite clay and sand slurry was then mixed and poured to seal the annular space above the well screen and prevent surface water vertical migration down the side of the pipe.
The soil profiles at each site were examined using a hand auger, the texture by feel method (Brady & Weil 2004) in the field, and the hydrometer method in the lab OSWWS installed in soils of different texture, background concentrations, and water quality standards. OSWWS treatment efficiency (reduction in source DIN concentration) was estimated using Equation (1). The treatment efficiency for each soil group was calculated to help determine the effects of soil type on wastewater treatment.
Treatment efficiency was only calculated for systems that septic tank samples were collected. Separation distances during sampling periods were recorded to allow for treatment efficiency comparisons between soil groups with similar separation distances. 
Treatment Efficiency
TE ¼ T 2 ðGW 2 BGÞ T p 100ð1Þ
RESULTS
Site Information
Systems installed in soil groups I, II and III had mean sand/silt/clay % of 95.5/1.6/2.9, 77.3/9.6/13.1, and 67.5/ 8.9/23.7, respectively (Table 1) . Mean system installation dates were similar (within 2 years) for all soil groups (Table 1) .
Group III soils had the highest mean ECEC (7.4 cmol/Kg) and pH (7.3), followed by systems in soil group I (3.1 cmol/Kg, and 5.9) and soil group II (2.9 cmol/Kg and 5.9) ( 
Effects of soil type on wastewater treatment
Median septic tank DIN concentrations for all soil groups in this study (26 -32 mg/L) were similar to concentrations to the Sonde differed by less than 1.5 mg/L.
Dissolved inorganic nitrogen concentrations in ground-
water adjacent to OSWWS were significantly higher ( p , 0.10) than in background wells for each soil group (Figure 4) . Only OSWWS installed in soil group I had groundwater DIN concentrations significantly higher than 10 mg/L. Other significant differences included:
GI-N . GIII-N; and GII-N . GIII-N. No significant differences were found between GI-N and GII-N. Collectively, systems installed in soil group III were the most efficient (Table 3) at reducing DIN concentrations before discharging into shallow groundwater (93%), (Table 3) .
Effects of vertical separation distance on wastewater treatment
For OSWWS installed in group I and II soils in particular, separation distance appears to affect the speciation of nitrogen entering the shallow groundwater system. For example, most of the DIN (86% excluding OSWWS GI-A) adjacent to OSWWS in group I soils was NO 3 2 -N except for GI-A, which had the smallest median vertical separation distance (57 cm) of the group I OSWWS and shallowest separation distance (44 cm) during the 14-day seasonal high water table (Table 3) removed via denitrification before entering surface waters (Robertson et al. 1991; Buetow 2002) . Ammonium is not removed through the denitrification process and therefore it may be more beneficial to adjacent surface water quality to have relatively higher NO 3 -N groundwater concentrations rather than high NH 4 -N concentrations. Coastal communities that rely on OSWWS for wastewater treatment and use groundwater for water supply should monitor closely the NO 3 2 -N concentrations in the sandy, well drained areas. These locations are most prone to elevated NO 3 2 -N groundwater contamination (and potentially methemoglobinemia) from OSWWS.
